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Pump-probe transient spectroscopyThe precise position of the upper exciton component and relevant vibronic transitions of the B850 ring in
peripheral light-harvesting complexes from purple photosynthetic bacteria are important values for
determining the exciton bandwidth and electronic structure of the B850 ring. To determine the presence of
these components in wild-type LH2 complexes the pump-probe femtosecond transient spectra obtained
with excitation into the 730–840 nm spectral range are analyzed. We show that at excitation wavelengths
less than 780 nm B850 absorption bands are present and that, in accordance with exciton theory, these
bands peak further in the blue when the lowest optically allowed transition is more red-shifted.tion energy transfer; LDAO, N,
esting complex; LH2, periph-
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In purple photosynthetic bacteria the light-harvesting (LH)
complexes are implicated in the ﬁrst steps of photosynthesis. They
absorb photons and transfer the resulting excitation energy to the
photochemical reaction centre (RC) which is in turn transduced into
stable potential chemical energy [1]. A key factor for the photosyn-
thetic yield is the efﬁciency of the excitation energy transfer (EET),
which may involve tens of individual steps, and has to compete in
particular with photon re-emission through ﬂuorescence but also
internal conversion and intersystem crossing events. It was demon-
strated more than a decade ago that the yield of EET from the LH
complexes to the RC is close to 1 [2,3]. This advocates that every
transfer step, including intra- and inter-protein events, is highly
optimised in order to minimise energy wastage.
The LH complexes from purple photosynthetic bacteria have
annular structures that are composed of eight to sixteen pairs of
apoproteins, termed α and β [4–8] (for a detailed review on the
diverse architecture of bacterial LH antennae see [9]). The monomeric
core LH complexes, or LH1, are directly connected to the reaction
centres, and in general are made of open, or complete, rings consistingof up to sixteenαβ-dimers. The peripheral complexes, or LH2, transfer
their energy to the RCs, via LH1, and comprise of eight or nine αβ-
dimers with mounting evidence of the existence of larger “ring” sizes
[8,10]. Each αβ-dimer non-covalently binds two closely packed
bacteriochlorophylls (BChls), located in the hydrophobic space
between the apoproteins that form the protective scaffold. This
results in a ring of strongly excitonically coupled BChl molecules
which are responsible for the lowest optically allowed energy
transition in these complexes. In LH1 this transition is located
between 870 and 890 nm but in LH2 it is at ca. 850 nm. Each LH2
αβ-dimer binds a third BChl molecule, closer to the periplasmic side
of the membrane. These chromophores form a second ring, the so-
called B800 ring, of weakly coupled molecules within the apoprotein
scaffold and the absorption of which peaks at approximately 800 nm.
Thus, in these complexes the non-covalently bound BChl chromo-
phores display electronic absorption properties quite distinct from
those they exhibit while in solution (BChl typically absorbs at 771 nm
in di-ethyl ether [11]), and generally shifted towards lower energies.
This shift in the electronic transition originates from a mixture of
bonding and non-bonding BChl–protein interactions, as well as from
excitonic interactions between BChl molecules [12,13].
It is striking that although the quaternary structure of LH2 has
been shown to be highly species dependent (cf. Rhodoblastus (Rbl.)
acidophilus, Phaeospirillum molischianum and Allochromatium vinosum
[4,5,8]), the peak positions of their main BChl electronic transitions
remain similar. This strongly suggests that precise positioning of the
bacteriochlorophyll absorption bands is paramount for optimising
excitation energy transfer in LH complexes.
Fig. 1. The room-temperature near infra red absorption spectra of pigments of the LH2
complexes isolated from (A) Rbl. acidophilus and (B) Rba. sphaeroides. The dotted curves
correspond to the electronic transitions of the B850 band determined from ﬁtting the
kinetics.
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coupled system. It should be described in terms of the main transition
of an exciton manifold, which ought to exhibit other non-zero
transitions [14]. The position of these transitions is difﬁcult to predict,
as, in order to accurately describe the optical transitions of LH
complexes in terms of the exciton model, the static disorder of the
excitation energies of the pigment sites, as well as the dynamic
disorder induced by coupling of the electronic excitations to intra-
and inter-molecular vibrations and phonons caused by collective
vibrations of the surrounding protein, should be taken into account
[15–19]. These interactions make essential contributions in deter-
mining the values of the exciton parameters such as, for instance, the
resonance interaction and the exciton bandwidth. The optical
transition corresponding to the upper edge of the exciton band from
the B850 ring is weak due to the symmetry of the molecular
arrangement [14,20], therefore, it is difﬁcult to distinguish this
transition from the 800 nm band in conventional spectroscopic data.
Based on indirect spectroscopic measurements of LH2 complexes
isolated fromwild-type photosynthetic bacteria the upper edge of the
exciton band of the 850 ring is situated at about 800 nm but concealed
under the intense 800 band corresponding to the B800 ring [21].
Koolhaas and co-workers [22] identiﬁed an upper exciton component
by analysing the room temperature circular dichroism (CD) spectra of
a LH2 complex from a mutant strain of Rhodobacter (Rba.) sphaeroides
that contains only the excitonically coupled ring of BChl chromo-
phores. Similar identiﬁcation of the upper excitonic transition in the
vicinity of 800 nm has been also obtained by considering the intensity
dependence of nonlinear absorption of the same mutant [23].
Subsequently, low temperature polarized ﬂuorescence excitation
spectroscopy of this mutant indicated that the upper exciton
component of this transition is positioned in the vicinity of 760 nm
[24]. In the case of mutants lacking the B800 ring, a structural
distortion resulting in alteration of the exciton bandwidth is also
present [24]. The position of this upper component is an important
parameter for determining the electronic structure of the B850 ring
[20,25–28]. Furthermore, the vibrational satellites of the 850 nm
transition, which may overlap with the transition corresponding to
the B800 ring, should also constitute a channel for excitation energy
transfer.
In order to directly determine the presence of these components in
wild-type LH2 complexes from photosynthetic bacteria, we use here
another approach based on the biological function of these complexes.
By using femtosecond laser pulses with tuneable wavelengths we
preferentially pumped excitation energy at different spectral posi-
tions in the 750–840 nm spectral range. From these experiments, we
can deduce the amount excitation energy transferred from the
800 nm to the 850 nm absorbing ring, which takes about 1 ps [20],
from that directly absorbed by the high-energy components of the
B850 ring, which results in an instantaneous bleaching of this
transition. The ratio of the fast and slow signal growth components
in the transient absorption kinetics gives us direct access to
absorption contributions of each BChl ring for any given excitation
wavelength.
2. Materials and methods
2.1. Cell culturing, membrane preparation and protein puriﬁcation
Rhodoblastus acidophilus 10050 and Rba. sphaeroides 2.4.1 were
grown under strict anaerobic conditions in ﬂat sided 500 ml medical
bottles located between banks of incandescent lamps (at an irradiance
of 10 W/m2 at the surface of the bottles) at 30 °C in Pfenning's [29]
and Böse's [30] liquid media, respectively. Cells were harvested in
mid-log phase, membranes prepared and the light-harvesting com-
plexes isolated by a sucrose gradient centrifugation, essentially using
methods previously described [31,32]. The LH2 antennae from thesucrose gradients were collected, dialysed extensively against 20 mM
TRIS/HCl, pH 8.5 containing 0.05% N,N-dimethyldodecylamine-N-
oxide (LDAO), and puriﬁed essentially as previously described [32,33].
The ﬁnal composition of the LH2 samples used for spectroscopic
studies was in 20 mM TRIS/HCl (pH 8.5) buffer containing 0.1 % N,N-
dimethyldodecylamine-N-oxide (LDAO) (w/v) (Fluka). The optical
density of the sample at 850 nm was 0.40 cm−1.
2.2. Spectroscopy
The steady-state room-temperature absorption spectra of the LH2
samples were recorded with a Perkin-Elmer Lambda 950 spectrom-
eter (PerkinElmer SAS, Courtaboeuf, France). The spectra were
corrected for the background absorption, using a cuvette ﬁlled with
Tris/HCl buffer. Transient absorption was recorded by means of
conventional femtosecond absorption pump–probe spectroscopy. The
spectrometer was based on the ampliﬁed femtosecond Ti:Sapphire
laser Quantronix Integra-C (Lastek, Thebarton, Australia) generating
130 fs duration pulses at 805 nm (1.55 eV) at a 1 kHz repetition rate.
For tuneable excitation the parametric generator TOPAS C (Light
Conversion Ltd, Vilnius, Lithuania) was used. For probing purposes a
white light continuum was generated by illuminating a 2-mm thick
sapphire plate. The excitation beamwas focused on a spot of ∼ 500 μm
in diameter and the probe beam diameter was kept at ∼ 300 µm. In
order to avoid the inﬂuence of exciton–exciton annihilation on the
transient absorption kinetics, low excitation intensity below the
annihilation threshold was used and the sample was circulated.
3. Results and discussion
The transient absorption kinetics of the LH2 complexes isolated
from Rbl. acidophilus and Rba. sphaeroides, which have a very similar
quaternary organization [4,6], were compared. Their absorption
spectra in the near infrared spectral range (700–900 nm) are shown
in Fig. 1. Two typical absorption bands withmaxima at ca. 800 nm and
at ca. 850 nm as well as a structure-less absorption at shorter
wavelengths are present in both cases. The 850 nm band in the LH2
from Rbl. acidophilus is red-shifted (858 nm) relative to the equivalent
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the transient spectra are probed at different wavelengths: 880 nm
(Rbl. acidophilus) and 870 nm (Rba. sphaeroides). At these positions,
we uniquely probe absorption bleaching and stimulated emission of
the B850 ring, while transient absorption related to B800 ring
excitation is negligible. As shown in Fig. 2 the transient absorption
kinetics is evidently dependent on the excitation wavelength: the
transient absorption signals obtained from both species appear
biphasic, with an instantaneous and a slower component. The
instantaneous component corresponds to the excitation in the B850
ring absorption, while the slower one (in the order of 1 ps) should be
attributed to the excitation energy transfer from the B800 ring to the
B850 ring [20]. Strictly speaking the instantaneous component should
reﬂect the ground state bleaching with some additional input from
the stimulated emission signal due to excitation relaxation through
the excited levels of the B850 ring, but these processes are faster than
the time resolution of our setup (130 fs). Thus, neglecting relaxation
of the excitation in the B850 ring, the bleaching kinetics of the
transient spectrum, ΔA(λ,t), shown in Fig. 2 can be determined
accordingly:
ΔAðλ; tÞ = FðλÞ + SðλÞ½1−e−t =τ; ð1Þ
where λ is the excitationwavelength, F determines the amplitude of the
fast kinetics and S is the amplitude of the slow kinetics with
characteristic time τ. Applicability of such an approximation for the
experimentally obtained kinetics is demonstrated in Fig. 3. The tran-
sient absorption kinetics here is presented as Λðλ; tÞ = ΔAmaxðλÞ−ΔAðλ;tÞSðλÞ ,
where ΔAmax(λ) is the maximal value of the transient spectrum at a
given wavelength. As shown in Fig. 3 the kinetics indeed follow a single
exponential, independently of the excitation wavelength for the LH2s
fromboth photosynthetic bacteria, and the exponential decay should be
related to the duration of energy transfer between the rings. The
obtained energy transfer times are 0.9 ps and 0.6 ps for Rbl. acidophilus
and Rba. sphaeroides, respectively, and are similar to those widely
quoted in the literature [34–40]. The slightly species-dependantFig. 2. Normalised room-temperature transient absorption traces for three excitation
wavelengths, in the −0.5 to 3.0 ps range, for the LH2 complexes from (A) Rbl.
acidophilus, probed at 880 nm, and (B) Rba. sphaeroides, probed at 870 nm.lifetimes have been proposed to arise from differences in the static
and dynamic disorder [27].
In this representation, ΔAmax(λ)=F(λ)+S(λ) allows us to deter-
mine the ratio
FðλÞ
FðλÞ + SðλÞ (Fig. 3, insets). The estimation of this ratio
demonstrates that the slow component of the kinetics is dominating
in the 780-800 nm region, as should be in the case of a direct
excitation of the B800 band. However, in the other spectral regions,
λN810 nm and λb780 nm, the input of the fast kinetics increases.
From the similarity to the increase of the fast kinetics at λN810 nm,
where the optical transition is totally related to the B850 band, the
increase of the fast kinetics at λb780 nm can be attributed to an
augmentation of the absorption of the pigments in the B850 ring.
Thus, the increase of the fast amplitude at λb780 nm should be




FðλÞ + SðλÞ is a relative factor. By multiplying
this factor with the spectrum shown in Fig. 1 the fraction of the
spectrum, which should be responsible for the fast energy relaxation,
can be deﬁned. The result obtained by this multiplication is shown in
Fig. 1 as dotted traces. The obtained bands involved in fast relaxation on
the shortwavelength side of the spectra,withmaxima at 760 nm in Rba.
sphaeroides, can be attributed to the B850 ring. These results coincide
with the conclusions obtained from the analysis of the temperature
dependence of the absorption spectrum (Trinkunas et al., paper in
preparation) and polarized ﬂuorescence excitation spectroscopy of
detergent-puriﬁed LH2 (763 nm) complexes [24]. Furthermore, the
method described here places the peak position of the B850 absorption
bands (Fig. 1, dotted traces) from native LH2 Rbl. acidophilus at higher
energy wavelengths (i.e. are more blue shifted) when compare to Rba.
sphaeroides. This is fully consistent with exciton theory as the lowest
optically allowed transition is more red-shifted [14,20].
Our results are also in general agreement with polarized ﬂuo-
rescence excitation studies of the B800-less complex from Rba.
sphaeroides where the peak position of the B850 absorption bands
was located at 757 nm [24] but differ somewhat from the conclusion
from analysing the CD spectra [22] and nonlinear absorption [23] of
related complexes where values of ca. 780 nm and ca. 790 nm (Fig. 1
in Ref. [23]) were obtained, respectively. It is not so surprising that the
wavelength position of the localised maxima in the ca. 760 nm region
vary slightly between preparations as the CD, ﬂuorescence excitation
and nonlinear absorption studies used B800-less complexes that were
either genetically engineered, and still in the in vivo membrane, or
obtained from different biochemical protocols after solubilisation
with detergents [22,41,42]. To resolve these discrepancies additional
studies should be undertaken, using the method described in this
paper, on a range of different types of antenna complexes.
It is clear from this work, where we directly probe the electronic
structure, that the BChl absorption at short wavelengths, λb780 nm,
is attributed to the B850 ring. The B850 absorption in this region may
be caused either by the transition into the upper edge of the exciton
band or to the relevant vibronic transitions. It is also noteworthy that
the vibronic transitions from B800 band is evidently present in this
spectral region. However, the spectral overlap with the corresponding
bands of the B850 ring does not speed up the energy transfer based on
our experimental observations. This is most probably due to the
distance and orientation factors between the two rings of BChl
molecules [5,9]. Although it is extremely important to determine the
physical origins of the observed absorption properties at the high
energy side of the main B800 band, it is clear that the structural
organization in LH2 complexes, which are amongst the most efﬁcient
of antennae, have somehow evolved to extend their ability to harvest
energy over a broad spectral range—following a photon capture.
The value of the resonance interaction between BChls in the B850
ring can be estimated from the extracted absorption spectra (see
above and Fig. 1, dotted traces). In terms of a conventional exciton
Fig. 3. Kinetics of the transient absorption traces for LH2 complexes from (A) Rbl. acidophilus and (B) Rba. sphaeroides, as a function of excitation wavelength. The data are
represented normalized to the initial amplitudes of the slow kinetics (solid line, see text). The excitation wavelength dependence of the initial amplitudes is presented in each insert;
the direction of the arrows is correlated with the increasing fraction of the fast B850 component.
1468 A. Gall et al. / Biochimica et Biophysica Acta 1797 (2010) 1465–1469model, this value can be straightforwardly deﬁned as soon as the exact
transitions to the lowest and highest exciton states are identiﬁed
giving 280 cm−1 according to our estimations (Trinkunas et al., in
preparation). However, the absorption at 760 nm corresponding to
the B850 ring is broad andmost probably corresponds to combination
of the excitonic transitions as well as to some vibronic transitions.
Moreover, the spectral inhomogeneity has to be also taken into
account, as follows from the recent analysis of the temperature
dependence of the absorption spectra [19]. Typically it is accounted
for by assuming the inhomogeneous distribution function as
additional characteristics of the ensemble of the LH2 complexes. In
addition, in order to describe the spectral dynamics of a single LH2
ﬂuorescence spectrum at room temperature [43,44] an even more
complicated exciton model was recently developed. According to this
modiﬁed exciton model every BChl molecule can be considered to bein two conformational states and the transitions between them
modulate the excitation energies of the pigments [19]. Thus, the
relevant modelling of the absorption spectra, taking into account
possible vibronic transitions as well as the latest theoretical develop-
ment, is a complex theoretical issue. Such calculations are in process
and will be presented in a successive publication.Acknowledgments
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